INTRODUCTION
============

Colorectal cancer is one of the deadliest types of cancer and is the most common diet-related cancer. Fiber intake is regularly recommended to decrease the risk of colon cancer ([@b5-pnfs-24-187]). Indeed, epidemiological studies have shown that increased fruit and vegetable consumption is associated with a reduction in the risk of developing colorectal cancer ([@b2-pnfs-24-187]; [@b50-pnfs-24-187]).

Pectin is a polysaccharide and source of dietary soluble fiber that is resistant to digestion by human intestinal enzymes, allowing it to reach the colon ([@b27-pnfs-24-187]). Pectin is a component of fruits such as apples, Canary bananas, citrus fruits, and grapes, and vegetables such as carrots, potatoes, and green beans. Several *in vitro* studies have shown that pectin has anti-tumor properties in different cancer type cells, including melanoma and prostate cancer cells ([@b13-pnfs-24-187]; [@b17-pnfs-24-187]). In mice, oral intake of soluble pectin fragments inhibits growth and metastasis of transplanted tumors, including colon tumor ([@b26-pnfs-24-187]).

Different mechanisms have been suggested to explain the anti-tumor effects of pectin, such as immune-potentiation, anti-mutagenic potential, and the regulation of transformation-related microRNA/oncogenes, amongst others ([@b7-pnfs-24-187]; [@b11-pnfs-24-187]; [@b12-pnfs-24-187]; [@b8-pnfs-24-187]; [@b14-pnfs-24-187]). Most of these mechanisms have been directly or indirectly associated with enhancement of the probiotic activity of pectin and/or with inhibition of galectin-3 activity, a multifaceted and pro-metastatic protein which is upregulated in several cancers ([@b8-pnfs-24-187]; [@b40-pnfs-24-187]; [@b23-pnfs-24-187]). However, the mechanisms by which pectin exerts its anti-tumor effects are not fully known.

Mitochondria are crucial organelles for regulating cellular energy generation, calcium and redox homeostasis, and cellular apoptosis. Mitochondria constantly undergo fission and fusion in a dynamic process ([@b38-pnfs-24-187]). Under physiological conditions, the frequencies of fusion and fission events are finely balanced to maintain mitochondrial homeostasis ([@b38-pnfs-24-187]). Mitochondrial fusion and fission are regulated by a number of guanosine triphosphatases (GTPases) proteins ([@b38-pnfs-24-187]; [@b1-pnfs-24-187]; [@b4-pnfs-24-187]). Mitofusins 1 and 2 (Mfn-1 and Mfn-2) mediate mitochondrial fusion while dynamin-related protein-1 (Drp-1) mediates mitochondrial fission ([@b38-pnfs-24-187]; [@b1-pnfs-24-187]; [@b4-pnfs-24-187]). Changes to the balance between the expression of these proteins are frequently observed in cancer cells ([@b1-pnfs-24-187]; [@b4-pnfs-24-187]). Downregulation of Drp-1 promotes mitochondrial fission, decreases cell proliferation, and increases apoptosis of colon cancer cells ([@b16-pnfs-24-187]).

Carcinogenesis is associated with a progressive reduction in the ability of cells to trigger apoptosis and senescence, two essential tumor-suppressor mechanisms that are important barrier against cancer progression. Cancer cells develop immortalization by escaping cellular senescence; promoting tumor cell senescence has been proposed as a potential anti-cancer therapy ([@b32-pnfs-24-187]). However, apoptosis acutely eliminates potentially harmful cells. Translocation of the tumor suppression protein p53 to the nucleus is thought to be pivotal for stimulating both cellular apoptosis and senescence ([@b20-pnfs-24-187]).

Emerging works have suggested the possible contribution of mitochondria dynamics to regulate both apoptosis and cellular senescence ([@b61-pnfs-24-187]; [@b53-pnfs-24-187]). In this regard, a close relationship between mitochondrial dynamics and the pro- and anti-apoptotic Bcl-2 family of proteins have been reported; these proteins regulate the release of proteins from the mitochondria into the cytosol, where they stimulate caspase-3 activity ([@b37-pnfs-24-187]; [@b9-pnfs-24-187]). Moreover, senescence has been associated with accumulated dysfunction in mitochondria, resulting in reductions in mitochondrial oxidative phosphorylation ([@b19-pnfs-24-187]).

Taken all together, despite the knowledge about the modifications of the mitochondrial dynamics associated with cancer, the possible effect of pectin on mitochondrial dynamics remains to be analyzed. Therefore, the aim of the present study was to examine if the presence of pectin may modify growth of human colon cancer cells and if it is associated with changes in the expression of proteins associated with mitochondrial fusion and fission. Moreover, we examined if pectin may modify the expression of proteins associated with either cellular senescence and cellular apoptosis in HT29 cells.

MATERIALS AND METHODS
=====================

HT29 colon cancer cells
-----------------------

The human colon carcinoma cell line, HT29 (ATCC, Manassas, VA, USA) were cultured in McCoy's 5A medium (ATCC) containing 16.7 mmol/L glucose, 200 U/mL penicillin, 200 μg/mL streptomycin, and 10% fetal bovine serum (FBS) at 37°C in a humidified atmosphere of 5% CO~2~. Cells were sub-cultured every 2 to 3 days. Before the start of experiments, HT29 cells were synchronized by incubation with 0.5% fetal calf serum (FCS) for 24 h.

All experiments were performed under proliferating conditions by incubating HT29 cells for 24 h at 37°C in the humidified atmosphere of 5% CO~2~ in a sub-confluent state (75% confluence and with 10% FBS), in both the absence and presence of pectin (P7536, Sigma-Aldrich Co., St. Louis, MO, USA). This pectin was originally extracted with hot acidic water. Pectin was prepared by diluting 0.06 mg pectin powder in 1 mL McCoy's 5A medium (309 μmol/L final concentration) and heating at 37°C for 30 min. HT29 cells were incubated with pectin for 24 h at 37°C.

At the end of the incubation period, HT29 cells were lysed in a buffer containing 20 mmol/L Tris-HCl, 137 mmol/L NaCl, 10% glycerol, 1% Nonidet-P40, 1 mmol/L phenylmethylsulfonyl fluoride, 10 mmol/L ethylenediaminetetraacetic acid, and 2 mmol/L sodium orthovanadate, and were immediately frozen at −80°C until molecular parameters were determined.

Detection of the effect of pectin on HT29 colorectal cancer cell proliferation using XTT assay
----------------------------------------------------------------------------------------------

HT29 colon cancer cells were seeded onto a 96 well plate at 5×10^3^ cells/well. Twenty four hours after seeding, cells were synchronized by incubation with 0.5% FCS for 24 h. Medium was removed and changed with fresh medium containing 10% FBS with or without pectin (0\~300 μmol/L). Following culture for 24 h, proliferation was determined using a commercial cell proliferation kit 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (XTT), following manufacturer's recommendations (Product code: A8088,100; PanReac AppliChem, Barcelona, Spain). The optical density (OD) was measured using a microplate reader at 450 nm. As recommended by the manufacturer, to measure non-specific readings OD were also measured at 650 nm for normalization, and subtracted from the 450 nm measurement.

Cell survival rate was calculated as %={(A sample−A blank)/(A control−A blank)} × 100%. The OD of samples were measured after incubation of pectin, and the OD of the control was measured following incubation with 10% FBS without pectin. The blank was the OD of the background.

Western blots analysis
----------------------

Protein expression was determined by Western blotting. In brief, and as we have previously reported ([@b56-pnfs-24-187]; [@b31-pnfs-24-187]), protein concentrations were estimated using the bicinchoninic acid reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA), and equal amount (40 μg/lane) of each lysate were loaded onto denaturing sodium dodecyl sulphate-polyacrylamide gel electrophoresis 15% (w/v) polyacrylamide gels. The gels were blotted onto nitrocellulose (NC) membranes. As previously reported ([@b56-pnfs-24-187]; [@b31-pnfs-24-187]), NC membranes were blocked with 5% (w/v) bovine serum albumin (BSA) and incubated with monoclonal antibodies against Mfn-1 (1:2,000, sc-166644, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), Mfn-2 (1:1,000, sc-2031, Santa Cruz Biotechnology, Inc.), Drp-1 (1:750, Ab56788, Abcam, Cambridge, UK), and B-cell lymphoma 2 (Bcl-2)-antagonist/killer (Bak) (1:1,000, Ab32371, Abcam), and polyclonal antibodies against p53 (1:1,000, sc-6243, Santa Cruz Biotechnology, Inc.), cyclin B1 (1:1,500, Ab2949, Abcam), Bcl-2-associated X protein (Bax) (1:1,000, sc-493, Santa Cruz Biotechnology, Inc.), and Bcl-2 (1:1,000, sc-783, Santa Cruz Biotechnology, Inc.). A monoclonal anti-β-actin antibody (1:7,500, A-5441, Sigma-Aldrich Co.) was used as a control for protein loading. NC membranes were then incubated with peroxidase-conjugated anti-mouse IgG (1:2,000 for Mfn-1 and Drp-1, 1:1,000 for Mfn-2, and 1: 2,500 for β-actin) and peroxidase-conjugated anti-rabbit IgG secondary antibodies (1:2,500 for p53, Bak, Bax, and Bcl-2). The protein signal was obtained using chemiluminescence reagents (GE Healthcare, Buckinghamshire, UK) that was detected and densitometrically analysed using an Ibright Imaging System (Ibright FL100, Thermo Fisher Scientific, Inc.).

β-Galactosidase, cytochrome C oxidase, and caspase-3 activities
---------------------------------------------------------------

Following incubation of HT29 cells with and without 200 μmol/L pectin. β-Galactosidase activity was determined at 405 nm using a commercial assay kit following manufacturer's recommendations (75707, Thermo Fisher Scientific, Inc.). β-Galactosidase activity in cells incubated with pectin was calculated as a percent of the activity in cells incubated without pectin.

Cytochrome C oxidase activity was determined in HT29 cells incubated with and without 200 μmol/L pectin using a commercial kit (ab10909. Abcam). The kit was carried out following manufacturer's recommendations. Cytochrome C oxidase activity was determined at 550 nm. The intra-assay and inter-assay variabilities were \<7% and \<10%, respectively.

Caspase-3 activity was measured using a colorimetric commercial kit (ab39401, Abcam) based on the detection of the chromophore *p*-nitroaniline. In accordance to manufacturer's specifications, caspase-3 activity was expressed as OD units at 405 nm.

Determination of the nuclear content of p53
-------------------------------------------

Nuclear extracts from HT29 cells incubated in the presence and absence of pectin were obtained according to the method described by [@b41-pnfs-24-187]. Samples were centrifuged at 12,000 *g* at 4°C for 10 min, followed by an additional centrifugation at 12,000 *g* for 15 min at 4°C. The nuclear extracts were immediately lysed and protein concentration was measured using the bicinchoninic acid reagent.

The amount of p53 content in the cellular nucleus was determined by dot-blot technique. Due to the relative low level of nuclear protein obtained, it was not possible to use Western blotting to determine nuclear p53 contents. As previously reported, dot blot analysis was carried out through loading 5 μg of total nuclear protein onto NC membranes ([@b28-pnfs-24-187]; [@b36-pnfs-24-187]). As with the Western-blot analysis, NC membranes were blocked with 5% BSA (w/v), washed twice, and were incubated with the polyclonal p53 primary antibody followed by the peroxidase-conjugated anti-rabbit IgG secondary antibody above described. The protein signal was detected by chemiluminiscence.

Statistical analysis
--------------------

Values are expressed as mean±standard error of mean (SEM). Unless it is otherwise indicated, six experimental repeats were performed for each determined variable. Mann-Whitney's test was used to compare differences between groups. A *P* value \<0.05 was considered statistically significant. The statistical analysis was performed using the software SPSS version 22.0 (SPSS Inc., Chicago, IL, USA).

RESULTS
=======

Effect of pectin on HT29 cells viability
----------------------------------------

HT29 cells viability, when considering cell viability as an index of cell proliferation, was significantly increased McCoy's 5A medium was supplemented with 10% FBS ([Fig. 1](#f1-pnfs-24-187){ref-type="fig"}). Addition of pectin to 10% FBS significantly reduced HT29 cell viability ([Fig. 1A](#f1-pnfs-24-187){ref-type="fig"}). The effect of pectin was concentration dependent and maximum inhibition was observed with pectin concentrations over 150 μmol/L ([Fig. 1B](#f1-pnfs-24-187){ref-type="fig"}). The most homogenous inhibition of HT29 cells viability was observed with 200 μmol/L pectin (showing the lowest standard error). Therefore, 200 μmol/L pectin was used during subsequent experiments.

The effect of pectin on cell viability was not dependent on a cellular cytotoxic effect, since trypan blue exclusion was similar between HT29 cells incubated in the presence and in the absence of pectin (data not shown).

Changes in proteins involved in mitochondrial dynamics and in mitochondrial functionality
-----------------------------------------------------------------------------------------

Through Western blot, we demonstrated that HT29 cells incubated with 200 μmol/L pectin had lower expression of Drp-1 protein than cells incubated in the absence of pectin ([Fig. 2](#f2-pnfs-24-187){ref-type="fig"}). Moreover, HT29 cells incubated with pectin showed higher expression of Mfn-1 and Mfn-2 than HT29 cells incubated without pectin ([Fig. 2](#f2-pnfs-24-187){ref-type="fig"}).

The activity of cytochrome C oxidase, a protein included in the mitochondrial phosphorylation chain, was significantly reduced in HT29 cells incubated with pectin compared to those incubated without pectin ([Fig. 3](#f3-pnfs-24-187){ref-type="fig"}).

Effect of pectin on expression of proteins related to cellular senescence
-------------------------------------------------------------------------

β-Galactosidase activity was significantly higher in HT29 cells incubated with 200 μmol/L pectin than in the cells incubated without pectin (% β-galactosidase activity increased: 9.95±3.22%, corrected to μg protein, n=4; *P* \< 0.05). Significantly higher expression of total p53 protein was also observed in HT29 cells incubated with pectin than in the cells incubated without pectin ([Fig. 4](#f4-pnfs-24-187){ref-type="fig"}). Moreover, the nuclear content of p53 protein was also significantly higher in following incubation with pectin than in the nucleus of HT29 cells incubated without pectin ([Fig. 4](#f4-pnfs-24-187){ref-type="fig"}). In addition, we observed a significant reduction in cyclin B1 expression in cells incubated in 200 μmol/L pectin compared to those incubated without pectin ([Fig. 4](#f4-pnfs-24-187){ref-type="fig"}).

Expression and activity of apoptotic-associated proteins
--------------------------------------------------------

HT29 cells incubated with 200 μmol/L pectin showed increased amounts of the pro-apoptotic protein Bak compared to HT29 cells incubated without pectin ([Fig. 5](#f5-pnfs-24-187){ref-type="fig"}). However, the cellular content of the pro-apoptotic protein Bax and the anti-apoptotic protein Bcl-2 was not different between the HT29 cells incubated in the presence and in the absence of pectin ([Fig. 5](#f5-pnfs-24-187){ref-type="fig"}). Moreover, caspase-3 activity did not show significant differences between HT29 cells incubated with or without pectin ([Fig. 6](#f6-pnfs-24-187){ref-type="fig"}).

DISCUSSION
==========

The study is, to our knowledge, the first examining the role of pectin on the expression of proteins associated with mitochondrial fusion and fission in colorectal human colorectal HT29 cancer cells. Changes in expression were accompanied by a reduction in HT29 cell viability. Moreover, incubation with pectin favoured cellular senescence over apoptosis.

Previous studies have demonstrated that animals treated with azoxymethane or methylnitrosourea develop less colon tumors when their diets were enriched with pectin ([@b49-pnfs-24-187]). Pectin, as dietary fiber, is not enzymatically digested in the small intestine but is degraded by microbia in the colon. Therefore, most of the effects associated with pectin have been attributed to its possible enhancement of probiotic actions ([@b33-pnfs-24-187]). In this regard, pectin reduced the activity of β-glucuronidase, an enzyme found in fecal bacteria whose activity is correlated to colon cancer development ([@b34-pnfs-24-187]; [@b25-pnfs-24-187]). Several studies have also shown that oral consumption of pectin decreases the risk of intestinal infection and diarrhea in children by promoting growth of "good" bacteria in the colon (e.g., *Biffidobacteria* and *Lactobacillus*) and the detriment of pathogenic bacteria ([@b35-pnfs-24-187]). However, it should be noted that much less is known about other effects of pectin on colon cells. Our results showed that in cultured human colorectal cancer cells HT29, pectin reduced cellular viability but without inducing cytotoxicity.

As mentioned above, mitochondria maintain a dynamic equilibrium between mitochondrial fission and fusion that is controlled by specific proteins ([@b38-pnfs-24-187]; [@b1-pnfs-24-187]; [@b4-pnfs-24-187]). While both Mfn-1 and Mfn-2 promote mitochondrial fusion, Drp-1 favors mitochondrial fission ([@b38-pnfs-24-187]; [@b1-pnfs-24-187]). In several human cancer cells, it was demonstrated that an imbalance between Drp-1/Mfns expression facilitates the mitochondrial fission state. In this regard, increased fission due to high Drp-1 expression and decreased fusion due to loss of Mfns have been linked to cancer cell migration, invasion, and metastasis ([@b59-pnfs-24-187]; [@b10-pnfs-24-187]). Moreover, Drp-1 inhibition or knockdown results in a marked reduction in cancer cell proliferation, including of colon cancer cells ([@b16-pnfs-24-187]; [@b39-pnfs-24-187]).

In our study, HT29 cells incubated with pectin showed lower expression of Drp-1 and higher expression of both Mfn-1 and Mfn-2 than HT29 cells incubated without pectin. These results suggest that in HT29 cells, pectin promoted a shift by reducing expression of Drp-1 associated with mitochondrial fission, and increasing expression of proteins mediating mitochondrial fusion. This was accompanied by a reduction in HT29 cell viability. In this regard, several studies have demonstrated the relationship between tumor cell proliferation and mitochondrial fission ([@b39-pnfs-24-187]; [@b51-pnfs-24-187]). [@b57-pnfs-24-187] demonstrated that in hepatocellular carcinoma cells, Drp-1-mediating mitochondrial fission promotes cell cycle progression from G1 to S phase, and subsequent cell proliferation ([@b57-pnfs-24-187]).

Cellular senescence, broadly defined as the physiological program of terminal growth arrest, is associated with aging. However, cellular senescence is also an important tumor suppressor mechanism ([@b6-pnfs-24-187]). In the present study, under proliferating conditions, the activity of the senescence-associated enzyme β-galactosidase was increased in HT29 cells incubated with pectin compared with HT29 cells incubated without pectin. Moreover, the expression of cyclin B1 was markedly reduced by pectin. Cyclin B1 is crucial for G2/M transition. Increases expression of cyclin B1 has been reported in cancer cells and insufficient levels of cyclin B-Cdk1 complexes, i.e. as a result of attenuation of cyclin B1, are related to cell cycle arrest and reduction of cell proliferation ([@b15-pnfs-24-187]). Growth arrest of cells entering senescence may start with p53 activation. In HT29 cells incubated with pectin, p53 expression levels were significantly higher than in cells incubated without pectin. The nuclear content of p53, which is suggestive of p53 translocation from the cytosol to the nucleus, was also increased in HT29 cells incubated with pectin. It has been reported that the level and/or activity of p53 was increased in senescent cells and overexpression of p53 was sufficient to induce cellular senescence in p53-null cells ([@b42-pnfs-24-187]; [@b46-pnfs-24-187]). Taken together, these results could suggest that pectin may promote a change in the human carcinoma HT29 cells from a proliferating phenotype to a senescence phenotype. In support of this hypothesis, blockage of mitochondrial fission has been reported to promote the maintenance of elongated mitochondria, which leads to cellular senescence. This suggests that senescence cells are typically associated with an overall shift toward mitochondrial fusion ([@b18-pnfs-24-187]; [@b22-pnfs-24-187]). Accordingly, during senescence, the fission-associated protein, fission-1 protein, is down-regulated, which leads to mitochondrial elongation ([@b22-pnfs-24-187]), and inhibition of Drp-1 promotes cellular senescence ([@b53-pnfs-24-187]). Our results showed that in pectin-incubated HT29 cells both senescence and mitochondrial fusion-related proteins were increased while the mitochondrial fission-associated protein, Drp-1, was decreased. In accordance to our observations, several compounds found in fruits and vegetables, such as resveratrol, bisdemethoxycurcumin, baicalin, or ginsenoside, show anti-proliferative effects on different types of cancerous cells, including human colon cancer cells, through induction of cellular senescence ([@b29-pnfs-24-187]; [@b24-pnfs-24-187]; [@b48-pnfs-24-187]; [@b43-pnfs-24-187]).

Despite the above observations, it should be noted that some authors have postulated that HT29 cells contain a mutated p53 isoform that produces a sub-functional version of p53 (Zhou et al., in press). However, the finding that β-galactosidase activity was significantly higher in HT29 cells incubated with pectin strongly supports that pectin promoted HT29 cell senescence. Moreover, other studies have reported induction of HT29 cell apoptosis via p53 activation ([@b3-pnfs-24-187]; [@b44-pnfs-24-187]). With the present study we could not assess whether promotion of HT29 cell senescence by pectin was really mediated by a p53-dependent pathway. Additional experiments are warrant to identify the mechanisms involved in stimulation of β-galactosidase activity by pectin in proliferating HT29 cells.

Another important mechanism mediating tumor cell growth is apoptosis. In these experiments, expression of the pro-apoptotic protein Bak, but not of the pro-apoptotic protein Bax nor the anti-apoptotic protein Bcl-2 was changed by pectin. In addition, caspase-3 activity was not changed by the presence of pectin. Taken together, these results suggest that the apoptotic pathway was not significantly stimulated by pectin in HT29 cells. In this regard, several authors have suggested that mitochondrial fusion is associated with cellular senescence whereas mitochondrial fission is closely related to cellular apoptosis ([@b22-pnfs-24-187]; [@b54-pnfs-24-187]). Interestingly, it has also been demonstrated that chemical inhibitors of mitochondrial chain phosphorylation complexes and aerobic glycolysis induce cellular senescence, and therefore promote cell proliferation arrest ([@b30-pnfs-24-187]; [@b47-pnfs-24-187]). Our experiments showed that cytochrome C oxidase activity was significantly lower in HT29 cells incubated with pectin than in HT29 incubated without pectin, suggestive of a reduction in mitochondrial oxidative phosphorylation mediated by pectin. Accordingly, that cytochrome C oxidase downregulation was also recorded in senescent porcine pulmonary artery endothelial cells ([@b58-pnfs-24-187]). However, since mitochondrial fusion is mostly associated with increased oxidative phosphorylation ([@b52-pnfs-24-187]), it was questioned why mitochondrial fusion is promoted by pectin but cytochrome C oxidase activity is downregulated. Reduction of cytochrome C oxidase may suggest the existence of mitochondrial dysfunctionality. Therefore, it can be speculated that pectin promotes mitochondrial dysfunction through modifying mitochondrial mitophagy, which can cause an increase in the number of dysfunctional mitochondria. Further experiments are needed to assess this hypothesis.

Study limitations
-----------------

The study has several limitations. The free radical theory of senescence suggests that cellular senescence is associated with higher production of reactive oxygen species (ROS). Since mitochondria are important source of ROS generation, it has been proposed that excessive mitochondrial ROS is important for establishing cellular senescence. In several cell types, increased ROS production has been correlated with increased mitochondrial fission rather than to mitochondrial fusion ([@b55-pnfs-24-187]). However, cytochrome C oxidative dysfunction has also been associated with increased oxidative stress ([@b45-pnfs-24-187]). On the contrary, other studies have suggested that mitochondrial ROS generation may not be the primary cause of cellular senescence. In this regard, it has also been suggested that increased mitochondrial ROS production in replicative senescent cells is a consequence of the senescence phenotype, rather than the cause ([@b61-pnfs-24-187]; [@b21-pnfs-24-187]). Therefore, further studies are needed to establish the effects of pectin on HT29 senescence, changes in the mitochondrial fusion and fission balance, and in mitochondrial metabolism and ROS production.

Another major limitation of this study is that we did not determine the molecular mechanisms associated with the changes elicited by pectin on both the expression of proteins related to mitochondrial fusion and fission and on cellular senescence. Moreover, the experimental design did not allow us to establish whether the changes induced by pectin on the mitochondrial dynamics-associated proteins promoted cellular senescence, or if pectin induced changes to proteins associated with cellular senescence, and these favoured a shift in the homeostatic balance mediating mitochondrial fusion and fission. Although the relationship between cellular senescence and mitochondrial dynamics is probably bidirectional, further studies are warranted to understand further.

The results of this study cannot discard the possibility that pectin also promoted apoptosis in HT29 cells. In this regard, pectin stimulated Bak protein expression, however did not induce changes to caspase-3 activity. However, it is possible that pectin induced HT29 cell apoptosis through other mechanisms that are not dependent on caspase-3 activity. Additional studies are needed to analyze this further.

In conclusion, this study suggests that pectin directly impacts the expression of proteins regulating mitochondrial fusion and fission in the human colon carcinoma cell line HT29. Pectin addition was accompanied by a reduction in HT29 cell viability, and stimulation of proteins associated with cellular senescence.
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![(A) The viability index of HT29 cells incubated in culture medium containing 0.5% or 10% fetal bovine serum (FBS). Results are represented as mean±SEM of three experimental repeats. \**P* \<0.05 with respect to 0.5% FBS. (B) Effects of increased pectin concentrations on HT29 cell viability. Results are expressed as mean±SEM of six experimental repeats. \**P* \<0.05 with respect to HT29 incubated without pectin.](pnfs-24-187f1){#f1-pnfs-24-187}

![Representative Western blots showing the expression of proteins associated with mitochondrial fission, dynamin-related protein 1 (Drp-1), and mitochondrial fusion, mitofusin (Mfn)-1 and Mfn-2 in HT29 cells incubated with and without pectin (200 μmol/L). The expression of β-actin was used as loading control. Bar graphs show the densitometric analysis of all the Western blots in arbitrary units (AU). Results are presented as mean±SEM of six experimental repeats. \**P* \<0.05 with respect to HT29 cells incubated without pectin.](pnfs-24-187f2){#f2-pnfs-24-187}

![Activity of mitochondrial citocrome C oxidase in HT29 cells incubated with and without pectin (200 μmol/L). Results are presented as mean±SEM of six experimental repeats. \**P* \< 0.05 between curves.](pnfs-24-187f3){#f3-pnfs-24-187}

![Representative Western blots of the expression of proteins associated with cellular senescence, p53 and cyclin B1, in HT29 cells incubated with and without pectin (200 μmol/L). The expression of β-actin was used as a loading control. Representative dot blots showing the content of nuclear p53 in HT29 cells incubated with and without pectin (200 μmol/L). Bar graphs show the densitometric analysis of all Western blots and dot blots in arbitrary units (AU). Results are presented as mean±SEM of six experimental repeats. \**P* \<0.05 with respect to HT29 cells incubated without pectin.](pnfs-24-187f4){#f4-pnfs-24-187}

![Representative Western blots to determine the expression of proteins associated with cellular apoptosis, B-cell lymphoma 2 (Bcl-2)-antagonist/killer (Bak), Bcl-2-associated X protein, and Bcl-2, in HT29 cells incubated with and without pectin (200 μmol/L). The expression of β-actin was used as loading control. Bar graphs show the densitometric analysis of all the Western blots in arbitrary units (AU). Results are presented as mean±SEM of six experimental repeats. \**P* \<0.05 with respect to HT29 cells incubated without pectin.](pnfs-24-187f5){#f5-pnfs-24-187}

![Caspase-3 activity was determined in HT29 cells incubated with and without pectin (200 μmol/L). Results are presented as mean±SEM of six experimental repeats. NS: not significant.](pnfs-24-187f6){#f6-pnfs-24-187}
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